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Abstract The evolution of nine microsatellites and one

minisatellite was investigated in the fungus Fusarium

oxysporum and sister taxa Fusarium redolens and Fusar-

ium verticillioides. Compared to other organisms, fungi

have been reported to contain fewer and less polymorphic

microsatellites. Mutational patterns over evolutionary time

were studied for these ten loci by mapping changes in core

repeat numbers onto a phylogeny based on the sequence of

the conserved translation elongation factor 1-a gene. The

patterns of microsatellite formation, expansion, and inter-

ruption by base substitutions were followed across the

phylogeny, showing that these loci are evolving in a

manner similar to that of microsatellites in other eukary-

otes. Most mutations could be fit to a stepwise mutation

model, but a few appear to have involved multiple repeat

units. No evidence of gene conversion was seen at the

minisatellite locus, which may also be mutating by repli-

cation slippage. Some homoplastic numbers of repeat units

were observed for these loci, and polymorphisms in the

regions flanking the microsatellites may provide better

genetic markers for population genetics studies of these

species.

Keywords Microsatellite � Minisatellite � Phylogenetics �
Asexual fungi � Population genetics

Introduction

Microsatellites, or simple sequence repeats, are tandemly

repeated regions of 1–6 DNA base pairs. Microsatellites

are widely used as genetic markers, particularly in popu-

lation genetics, as their high mutation rate makes them

more informative than non-repetitive sequences when

comparing closely related organisms. Understanding how

microsatellites evolve has important implications for their

use as molecular markers. Assumptions made in mutational

models can affect population genetic analyses such as

measures of diversity, population structure, population

size, and evolutionary history (Putman and Carbone 2014

and references therein), as well as timing of molecular

clocks (Sun et al. 2012).

Microsatellites are theorized to mutate primarily by

replication slippage, in which misalignment of DNA

strands during replication leads to the addition or subtrac-

tion of repeats (Levinson and Gutman 1987). Mutation due

to replication slippage occurs at a much higher rate than

that of point mutations, at a minimum of 10-4 mutations

per division in the yeast Saccharomyces cerevisae (Hen-

derson and Petes 1992). Minisatellites, consisting of

10–15 bp tandem repeats, are believed to mutate both

through replication slippage and through recombination,

especially gene conversion (Richard et al. 2008).

Microsatellites may also mutate through homologous

recombination, but this mechanism seems to be less
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common for microsatellites than for minisatellites (Richard

et al. 2008). Microsatellite evolution has been described as

a life cycle, with microsatellites being ‘‘born’’ by the for-

mation of repetitive sequences, then expanding and con-

tracting during their ‘‘life,’’ and finally ‘‘dying’’ when the

repetitive sequence degenerates (Kelkar et al. 2011).

Microsatellites may originate from cryptically simple

sequences, regions that contain repetitive patterns but less

than 8 nucleotides of perfect repeats (Chambers and

MacAvoy 2000), either through mutations in the crypti-

cally simple sequence or from insertion events creating a

duplicated sequence (Buschiazzo and Gemmell 2006;

Kelkar et al. 2011). After formation of the microsatellite,

mutations can add or subtract units, generally one unit at a

time, although larger changes can occur (Henderson and

Petes 1992). Point mutations may occur within repeats,

interrupting the repetitive sequence and slowing the rate of

mutation (Ananda et al. 2014). Accumulation of these

interruptions is the primary cause of ‘‘death’’ of

microsatellites (Kelkar et al. 2011). Buschiazzo and

Gemmell (2006) suggest that the cryptically simple

sequence left from a ‘‘dead’’ microsatellite could undergo a

renaissance and become a new microsatellite.

Although microsatellites have been extensively studied

in a number of organisms, less attention has been paid to

microsatellites in fungi (Dutech et al. 2007), with the

exception of S. cerevisae that has acted as a model

organism in many important microsatellite studies (Richard

et al. 2008). Microsatellites in fungi tend to have fewer

repeat numbers and be less polymorphic than microsatel-

lites in other eukaryotes (Dutech et al. 2007; Karaoglu et al.

2005; Schoebel et al. 2013). Microsatellites with fewer

repeat units have a lower mutation rate than loci with more

repeat units due to the instability of longer repetitive

regions (Brandström and Ellegren 2008; Kelkar et al.

2008), but the reason why fungi tend to have shorter

microsatellites is unclear. Fungi also tend to have lower

microsatellite densities than most eukaryotes (Katti et al.

2001; Tóth et al. 2000; but see also Dieringer and

Schlötterer 2003), most likely due to the low density of

transposable elements in fungal genomes [e.g., 4 % of the

Fusarium oxysporum genome (Ma et al. 2010) compared to

45 % of the human genome (International Human Genome

Sequencing Consortium 2001)], as microsatellites are

associated with transposons in many organisms, including

humans (Kelkar et al. 2011) and fungi (Labbé et al. 2011).

The low density of microsatellites in general may explain

the low numbers of microsatellites with many repeats.

Microsatellites in fungi could possibly be affected by

fungal life cycles, as many fungi are predominantly haploid

and asexual with occasional diploid, sexual stages, and

mutations of microsatellites may occur during meiosis

(Richard et al. 2008); however, the lack of sexual

recombination does not appear to affect microsatellite

evolution (Kayser et al. 2000; Paun and Hörandl 2006;

Weetman et al. 2006).

Because of the challenges with analyzing microsatellite

data, many authors have begun using single nucleotide

polymorphisms (SNPs) found in the regions flanking

microsatellites as additional genetic markers (Barthe et al.

2012; Payseur and Jing 2009). Regions directly adjacent to

microsatellites are believed to be highly polymorphic as a

consequence of the microsatellite mutational process

(Brohede and Ellegren 1999; Santibáñez-Koref et al.

2001). These regions are easier to locate than other poly-

morphic regions because they can be found along with

microsatellites through analysis of genomic sequence or

throughout enrichment of microsatellite regions in genomic

libraries. This approach has been used in several fungal

phylogenetic studies (for example, Dettman and Taylor

2004; Liu et al. 2014).

As microsatellites are often used as molecular markers

for the identification and study of fungi (Dutech et al. 2007;

Taylor and Fisher 2003), having an accurate model of

microsatellite evolution in fungi is important. In this study,

the patterns of mutations of nine microsatellite loci and one

minisatellite locus were investigated using a phylogenetic

approach in three haploid species in the genus Fusarium, in

considerable phylogenetic depth across 41 fungal isolates.

The goal of this study was to assess if differences exist in

the microsatellite life cycle in fungi which could account

for the fewer repeat units and less polymorphic nature of

microsatellite in fungi. A second goal was to determine the

suitability of SNPs flanking microsatellites for phyloge-

netic reconstruction.

Materials and Methods

Fungal Isolates and Sequenced Genomes

The microsatellite loci were amplified for 3 isolates of

Fusarium redolens and for 27 isolates of F. oxysporum

(Supplementary Table 1), chosen as representatives of the

known diversity of this species based on previous phylo-

genetic studies (O’Donnell et al. 1998; Demers and Jime-

nez-Gasco unpublished data). Sequences were obtained for

an additional ten isolates of F. oxysporum from publically

available genome sequences (Fusarium Comparative

Database 2012; http://www.broadinstitute.org), as well as

for the taxon used as outgroup, the sexually reproducing

fungus Fusarium verticillioides (Supplementary Table 1).

Sequences from the isolate F. oxysporum NRRL 26406

were obtained by sequencing each locus and not from the

sequenced genome, which was released after the initial

experiments.
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Microsatellite Loci and Gene Markers

Primers for nine microsatellite loci (FoAB11, FoAD12,

FoAG11, FoDC5, FoDE7, FoDF7, FoFA4, and FoFE5) and

one minisatellite locus (FoED2) were developed in a pre-

vious study (Demers et al. 2014). These markers were

developed for population genetics analysis of F. oxyspo-

rum. Primers were designed from a genomic library enri-

ched for microsatellite repeats, created from an isolate of

F. oxysporum. Only microsatellites identified as polymor-

phic within F. oxysporum were included in this study. DNA

extraction, PCR, and DNA sequencing of the loci were

done as previously described (Demers et al. 2014). The

number of repeats in each microsatellite sequence was

determined by sequencing and manual counting, and the

fragment size was determined from the sequence data.

Microsatellite data were mapped onto a phylogeny based

on the translation elongation 1-a gene (TEF), a conserved

house-keeping gene commonly used for phylogenetics of

Fusarium species (O’Donnell et al. 1998). TEF sequences

were obtained from GenBank, sequenced genomes, or by

amplification and sequencing with the primers EF1 and

EF2 according to previously published conditions

(O’Donnell et al. 1998). All sequences were initially

aligned using the program SEQUENCHER v. 4.1.4 (Gene

Codes Corp.) and then manually adjusted.

Data Analysis

All analyses of microsatellite diversity and mutational

model were done on the F. oxysporum isolates, excluding

F. redolens, F. verticillioides, and any F. oxysporum isolate

with more than one copy of that microsatellite locus.

Analyses were based on the number of repeats or the size

of the repetitive region, not on amplicon size to avoid

homoplasy from indels in the flanking regions.

Testing of the stepwise mutational model versus the

multi-step mutational model was done using a maximum

likelihood approach with the program MISAT, using the

default program settings (Nielsen 1997). Microsatellite

gene diversity was calculated based on 1 -
P

xi
2, where xi

is the frequency of the ith allele (Nei 1987). The average

pair-wise differences per base pair were estimated for the

flanking sequences, including both putatively coding and

non-coding bases but not insertions and deletions using the

program SITES (Hey and Wakeley 1997). Alignment and

comparisons of the genomes of F. oxysporum Fo47 and F.

verticillioides 7600 were done using the program Mauve

with default settings (Darling et al. 2004). Phylogenies for

TEF and for the regions flanking the microsatellites were

inferred using MrBayes 3.2.2 (Ronquist and Huelsenbeck

2003). The Bayesian phylogenetic analysis used the

GTR ? C ? I model and was carried out for 1,000,000

generations of six MCMC chains, with the first 25 % of

generations discarded and tree sampling every 200

generations.

In mapping the microsatellite sequences to the TEF

phylogeny, microsatellite sequences from F. redolens were

generally presumed to represent a more ancestral form of

the microsatellite, as F. redolens appears to be basal to F.

oxysporum and F. verticillioides (Skovgaard et al. 2003).

However, sequences in F. redolens have also been evolving

since these species differentiated, complicating the deter-

mination of ancestral versus derived characters. Because

replication slippage occurs at a faster rate than mutations in

non-repetitive sequences (Henderson and Petes 1992), F.

redolens sequences containing long repeat arrays were also

assumed to have mutated since the time of speciation.

Incorrect determination of the ancestral state should not

affect results beyond assuming the addition of repeat units

when repeat units had been lost and vice versa. The most

parsimonious series of mutations to create the repetitive

sequences in F. oxysporum from the cryptically simple

sequences in F. redolens and F. verticillioides was

assumed.

Results

Sequencing of the Microsatellite and Minisatellite

Loci

Sequences for the nine microsatellite loci were obtained for

37 isolates of F. oxysporum, three isolates of F. redolens,

and one isolate of F. verticillioides (Supplementary

Table 1), except for locus FoAG11, which did not amplify

for the F. redolens isolates, and locus FoDD7, which was

not found in the genome sequence of isolate F. o. PHW815.

Each microsatellite locus was present in one copy in the

eleven available F. oxysporum genomes and the F. verti-

cillioides genome (http://www.broadinstitute.org), except

for FoDC5, which was present twice in the genomes of

isolates F. o. MN25, F. o. cotton, and F. o. PHW815, and

FoDD7, which was present twice in the genome of isolate

F. o. HDV247, although these may be artifacts of the

genome assembly and not true duplications.

The minisatellite FoED2 was amplified for 23 of the 27

isolates of F. oxysporum and none of the F. redolens or F.

verticillioides isolates. Non-homologous regions not con-

taining the minisatellite were amplified for F. oxysporum

isolates MX4 and ET5A in multiple attempts. The min-

isatellite was not found in six of the eleven sequenced gen-

omes, including isolateF. o.NRRL26406, fromwhich itwas

amplified by PCR from extracted DNA. All genome

sequences that contained FoED2 had different repeat

sequences than those individually sequenced, suggesting

J Mol Evol (2016) 82:27–37 29
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that the genome was not well assembled at this locus, and all

genome data were excluded from further analysis. Based on

genome annotation, FoED2 is located in a putative trans-

posable element (http://www.broadinstitute.org), which

may explain why non-homologous regions were amplified

by PCR or the locus was not found in some isolates.

Evolution of the Nine Microsatellites Across

the Fusarium oxysporum Phylogeny

The microsatellite loci were mapped onto a tree of the

translation elongation 1-a gene (TEF) to analyze the evo-

lution of these repeats (Fig. 1). The microsatellites were

conserved across the three species and were identified in

the outgroup F. verticillioides. Alleles with similar number

of repeats and similar interruptions of the microsatellites

were phylogenetically related as expected. However,

nearly all nine loci, with the exception of FoFE5, had

instances where isolates in different parts of the phylogeny

had the same number of microsatellite repeats (Fig. 1),

most likely due to homoplasy, although they may also be

due to conservation of an ancestral sequence in some

branches of the phylogeny. Amplicon sizes were even more

likely than repeat number to be shared among unrelated

taxa due to insertions and deletions in the flanking regions,

such as for FoAB11, FoDC5, and FoDD7. Size homoplasy

was also observed with the compound microsatellite

FoAG11, in which differing numbers of each repeat unit

could produce the same size fragment, for example,

(CT)6(GT)10 and (CT)8(GT)8.

F. oxysporum 4287
F. oxysporum 26406
F. oxysporum MX4
F. oxysporum Fo47
F. oxysporum 28973
F. oxysporum 26994
F. oxysporum Fo91114
F. oxysporum CL57
F. oxysporum MN25
F. oxysporum Fo813
F. oxysporum  FOSC 3-a

F. oxysporum cc14J
F. oxysporum Fsp7V
F. oxysporum IC100
F. oxysporum IC51

F. oxysporum HDV247
F. oxysporum ET1A
F. oxysporum Fo9081
F. oxysporum Fo623A
F. oxysporum Fsp9
F. oxysporum 90101
F. oxysporum 90105
F. oxysporum 9169
F. oxysporum PHW808
F. oxysporum PHW815
F. oxysporum 38305
F. oxysporum ET25A
F. oxysporum Fo804
F. oxysporum co�on
F. oxysporum IC67

F. oxysporum 82108
F. oxysporum 8012
F. oxysporum ET5A

F. oxysporum Fo526
F. oxysporum II5
F. oxysporum 25603

F. oxysporum 25594
F. redolens 91117
F. redolens IC17
F. redolens IC69

F. ver�cillioides 7600
5 changes

94

64

56

61

64

62

63

77

96

63

66

96

100

FoAB11 FoAD12 FoAG11 
CACAGCA TACAGCA CACAGCA (AG)13 (CT)8 (GT)5

CACAGCA TACAGCA CACAGCA (AG)13 (CT)8 (GT)5

CACAGCA TACAGCA CACAGCA (AG)13 (CT)8 (GT)5

(CACAGCA)5 (AG)10 (CT)17 GT ACAT (GT)4 ATTT (GT)8

(CACAGCA)4 (AG)10 (CT)13 GT ACAT (GT)4 ATTT (GT)8

(CACAGCA)4 (AG)10 (CT)14 GT ACAT (GT)4 ATTT (GT)8

(CACAGCA)4 (AG)10 (CT)26 GT ACAT (GT)4 ATTT (GT)8

(CACAGCA)24 (AG)10 (CT)14 GT ACAT (GT)4 ATTT (GT)8

(CACAGCA)4 (AG)10 (CT)20 (GT)10

(CACAGCA)5 (AG)11 (CT)20 (GT)10 ATTT (GT)8

(CACAGCA)4 (AG)12 (CT)7 (GT)4 GC (GT)2 ATTT (GT)6 ATTT (GT)2 CT (GT)6

(CACAGCA)3 (AG)16 (CT)21 (GT)7 ATTT (GT)8

(CACAGCA)3 (AG)14 (CT)22 (GT)7 ATTT (GT)8

(CACAGCA)3 (AG)17 (CT)20 (GT)6 ATTT (GT)8

(CACAGCA)3 (AG)16 (CT)22 (GT)7 ATTT (GT)8

(CACAGCA)2 (AG)11 (CT)8 (GT)3 AT (GT)4

(CACAGCA)2 T CACAGCA (AG)12 (CT)10 (GT)7

(CACAGCA)2 (AG)11 (CT)8 (GT)3 AT (GT)4

(CACAGCA)2 T CACAGCA (AG)11 (CT)10 (GT)7

(CACAGCA)2 (AG)11 (CT)8 (GT)3 AT (GT)4

(CACAGCA)2 (AG)11 (CT)8 (GT)3 AT (GT)4

(CACAGCA)2 (AG)11 (CT)8 (GT)3 AT (GT)4

(CACAGCA)2 (AG)11 (CT)8 (GT)3 AT (GT)4

(CACAGCA)2 T CACAGCA (AG)13 (CT)7 (GT)4 AT (GT)4

(CACAGCA)2 (AG)11 (CT)8 (GT)7

(CACAGCA)2 (AG)11 (CT)8 (GT)7

(CACAGCA)2 T CACAGCA (AG)10 (CT)8 (GT)3 AT (GT)4

(CACAGCA)2 (AG)11 (CT)8 (GT)3 AT (GT)4

(CACAGCA)2 T CACAGCA (AG)10 (CT)10 (GT)8

(CACAGCA)2 (AG)11 (CT)8 (GT)3 AT (GT)4

(CACAGCA)12 (AG)10 (CT)6 (GT)5 AT (GT)4

(CACAGCA)9 (AG)10 (CT)6 (GT)5 AT (GT)4

(CACAGCA)5 (AG)9 (CT)5 AT (CT)5 AT (CT)4 (GT)4 AT
(CACAGCA)2 T CACAGCA (AG)8 (CT)16 (GT)6

(CACAGCA)4 (AG)7 (CT)10 (GT)5 AT
(CACAGCA)3 (AG)8 (CT)36 (GT)12 AT
(CACAGCA)4 (AG)10 (CT)6 (GT)10

(CACAGCA)2 (AG)4 NA
(CACAGCA)2 (AG)4 NA
(CACAGCA)2 (AG)4 NA

CACAGCA CAGTA (AG)11 GGAA CG (CT)4 GT CT TT GT

a

Fig. 1 Sequences of the nine microsatellite loci mapped onto a

phylogenetic tree of all isolates based on the translation elongation

factor 1-a gene (maximum parsimony analysis, 1 of 75 most

parsimonious trees, F. verticillioides 7600 set as an outgroup).

Bootstrap values [50 % given for each branch (1000 replicates).

Sequences marked with an asterisk had two identical copies per

genome. NA no amplification or locus was not present in sequenced

genome or two different copies were present per genome
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The minisatellite FoED2 was also mapped onto a TEF

gene phylogeny (Fig. 2). This minisatellite had four variant

repeat units (coded A through D in Fig. 2). Only one of the

units (coded B) was polymorphic in number of repeats

across F. oxysporum. No rearrangement of repeat units was

observed.

Stepwise Versus Multi-step Mutations

Loci with larger repeat arrays, such as FoAB11, FoAD12,

FoAG11, and FoDC5, were the most diverse, and loci with

more allele diversity also frequently had higher rates of poly-

morphisms in the flanking regions (Table 1). The two least

diverse microsatellites were FoDE7, located in the 30UTR of a

hypothetical protein, andFoFE5, located in the exonof aNAD-

specific glutamate dehydrogenase gene. No relationship was

observed between motif size and diversity (Table 1).

The data were fit to two mutational models, a stepwise

model assuming that only one repeat unit is gained or lost

during replication slippage and a multi-step model that

allows for mutations involving more than one repeat unit.

Themulti-stepmodel was inferred to be a significantly better

fit than the stepwise model for loci FoAB11, FoAG11, and

FoDD7,while the stepwisemodelwas significantly better for

loci FoAD12 and FoDC5 (log likelihood ratio test,P\ 0.05)

(Table 1). Possible multi-step mutations can be seen in the

sequences mapped to the TEF phylogenetic tree for locus

FoAB11, in which isolate F. o. CL57 has 24 repeats com-

pared to 4 repeats in close relatives, and for locus FoAG11, in

which isolate F. o. Fo91114 has 26 CT repeats compared to

13 or 14 repeats in close relatives (Fig. 1). Non-adjacent

duplications of interruptions of the repeat region can also be

taken as evidence of multi-step mutations, as the same

interruption is unlikely to occur twice (Dettman and Taylor

F. oxysporum 4287
F. oxysporum 26406
F. oxysporum MX4
F. oxysporum Fo47
F. oxysporum 28973
F. oxysporum 26994
F. oxysporum Fo91114
F. oxysporum CL57
F. oxysporum MN25
F. oxysporum Fo813
F. oxysporum  FOSC 3-a

F. oxysporum cc14J
F. oxysporum Fsp7V
F. oxysporum IC100
F. oxysporum IC51

F. oxysporum HDV247
F. oxysporum ET1A
F. oxysporum Fo9081
F. oxysporum Fo623A
F. oxysporum Fsp9
F. oxysporum 90101
F. oxysporum 90105
F. oxysporum 9169
F. oxysporum PHW808
F. oxysporum PHW815
F. oxysporum 38305
F. oxysporum ET25A
F. oxysporum Fo804
F. oxysporum co�on
F. oxysporum IC67

F. oxysporum 82108
F. oxysporum 8012
F. oxysporum ET5A

F. oxysporum Fo526
F. oxysporum II5
F. oxysporum 25603

F. oxysporum 25594
F. redolens 91117
F. redolens IC17
F. redolens IC69

F. ver�cillioides 7600
5 changes

94

64

56

61

64

62

63

77

96

63

66

96

100

FoDC5 FoDD7 FoDE7 FoDF7 FoFA4 FoFE5 
(TG)13 (CTT)5 CGTT CCTT CGTT CCTT CGTC (GT)7 (AG)4 GTT 
(TG)12 (CTT)5 (CGTT)3 CCTT CGTC (GT)7 (AG)4 GTT
(TG)12 (CTT)5 (CGTT)3 CCTT CGTC (GT)7 (AG)4 GTT
(TG)11 CTT TTT (CTT)3 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)16 CTT TTT (CTT)3 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)15 CTT TTT (CTT)3 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)16 CTT TTT (CTT)3 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)18 CTT TTT (CTT)3 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)13* CTT TTT (CTT)3 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)15 CTT TTT (CTT)3 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)11 (CTT)11 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)19 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)19 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)15 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)19 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)8 (CTT)5* (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)8 (CTT)6 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)8 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)7 (CTT)6 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)8 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)8 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)8 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)8 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)7 (CTT)7 (CGTT)2 CCTT CGTC (GT)6 (AG)4 (GTT)2

NA (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)9 (CTT)8 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)7 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)8 (CTT)8 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)8 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)4 (CTT)6 (CGTT)2 CCTT CGTC (GT)6 (AG)4 (GTT)2

(TG)4 (CTT)6 (CGTT)2 CCTT CGTC (GT)6 (AG)4 (GTT)2

(TG)10 (CTT)6 (CGTT)2 CCTT CGTC (GT)6 (AG)4 (GTT)2

(TG)4 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)2 (GTT)2

(TG)5 (CTT)5 (CGTT)2 CCTT CGTC (GT)6 (AG)4 (GTT)2

(TG)5 (CTT)5 (CGTT)2 CCTT CGTC (GT)5 (AG)4 (GTT)2

(TG)11 (CTT)5 (CGTT)2 CCTT CGTC (GT)7 (AG)4 (GTT)2

(TG)5 TTT (CTT)4 (CGTT)2 CATC (GT)3 GC (AG)4 (GTT)2

(TG)5 TTT (CTT)4 (CGTT)2 CATC (GT)3 GC (AG)4 (GTT)2

(TG)5 TTT (CTT)4 (CGTT)2 CATC (GT)3 GC (AG)4 (GTT)2

(TG)2 TT (TG)4 TC TG TCT CT (CTT)3 TTT CTT CTGT (CTTT)3 CCTT 
CTTT (CGTC)3

(GT)5 (AG)3 TG GCT GTT

NA

NA

b

Fig. 1 continued
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2004). In FoAG11, the interruption ATTT was observed

twice in isolate F. o. FOSC 3-a, suggesting a slippage event

involving up to 9 repeat units, while the sequence (CT)5AT

occurs twice in isolate F. o. ET5A, suggesting a slippage

event of up to 6 repeat units (Fig. 1).

Formation of the Nine Microsatellite Loci

The microsatellite sequences were mapped to the TEF gene

tree (Fig. 1) and studied to determine if the most

parsimonious explanation for the formation of repetitive

sequences is base substitutions in cryptically simple

sequences or short sequence duplications. The compound

microsatellites FoAG11 and FoDE7 appear to have been

formed by base substitutions in the cryptically simple

sequence surrounding the microsatellite. For locus

FoAG11, F. verticillioides contains a pure microsatellite

surrounded by cryptically simple sequence: CG (CT)4 GT

CT TT GT, while F. oxysporum contains the perfect com-

pound microsatellite (CT)n(GT)n. The (GT)n repeat in F.

oxysporum may be derived from an ancestral version of the

cryptically simple sequence in F. verticillioides. For locus

FoDE7, the pure microsatellite (CGTT)n is followed by the

cryptically simple sequence CCTT CGTC in F. oxysporum

and by CATC in F. redolens. In F. verticillioides, two

different repeat motifs are repeated in the complex

microsatellite CTGT (CTTT)3 CCTT CTTT (CGTC)3. The

microsatellite in F. verticillioides therefore may have been

formed by base substitutions in a cryptically simple

sequence, followed by expansion of the repeat arrays of

certain motifs. The other seven microsatellites appear to be

equally likely to have formed by base substitutions or short

duplications. Duplications of a small number of bases that

created a short repetitive sequence were frequently seen in

the regions flanking the microsatellite (Fig. 3).

Degradation of the Nine Microsatellite Loci

The microsatellite sequences mapped to the TEF gene tree

(Fig. 1) were also examined to determine if the repetitive

sequence had been degraded by loss of repeat units or by

accumulation of interrupting point mutations within the

repeat array. Of the nine microsatellites, only FoFE5 and

FoAB11 appear to have lost their repetitive structure by the

removal of repeat units. In locus FoFE5, only one repeat

unit is present in isolates F. o. 4287, F. o. NRRL 26406,

and F. o. MX4. For locus FoAB11, the microsatellite

(CACAGCA)n in F. redolens and F. oxysporum appears to

have mutated to CACAGCA CAGTA in F. verticillioides

due to the deletion of CA.

Interruptions of the repeat array were a more common

cause of degradation for these loci. Numerous base substi-

tutions interrupting the repeats were observed within the F.

oxysporum isolates, in loci FoAB11, FoAG11, FoDD7,

FoDE7, FoFA4, and FoFE5 (Fig. 1). Independent base

substitutions occurred at least twice in FoAB11, and at least

eight times in FoAG11. In some cases, the interruption did

not completely disrupt the microsatellite, as in isolate F. o.

Fo47 in locus FoDD7, but in other instances, the

microsatellite was completely degraded by a base substi-

tution, as in isolate F. o. 4287 in locus FoAB11 (Fig. 1).

Removals of interruptions that restore the perfect repeat

array may have occurred two times independently in locus

A(B)5CD

A(B)5CD

NA

A(B)4CD
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A(B)5CD

A(B)5CD

A(B)5CD

A(B)4CD

A(B)4CD

A(B)4CD
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A(B)4CD

A(B)4CD

A(B)5CD

A(B)5CD

A(B)4CD

NA
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A(B)5CD

A(B)5CD

NA

F. oxysporum 28973

F. oxysporum 26994

F. oxysporum Fo91114

F. oxysporum Fo813

F. oxysporum cc14J

F. oxysporum Fsp7V

F. oxysporum IC100

F. oxysporum IC51

F. oxysporum 82108

F. oxysporum 8012

F. oxysporum 38305

F. oxysporum ET1A

F. oxysporum Fo9081

F. oxysporum Fo623A

F. oxysporum Fsp9

F. oxysporum 90101

F. oxysporum 90105

F. oxysporum 9169

F. oxysporum ET25A

F. oxysporum Fo804

F. oxysporum IC67

F. oxysporum ET5A

F. oxysporum 26406

F. oxysporum MX4

F. oxysporum Fo526

F. oxysporum 25603

F. oxysporum 25594

F. verticillioides 7600
5 changes

69

52

64

88
63

75

95

67

96

A: AGTTTGAGGGGA
B: AGCTTGAGGAGAGGC
C: ACCTGGATGAGAGGC
D: TCCTGGAGAGGGCG

Fig. 2 Sequences of the minisatellite FoED2 mapped onto a phylo-

genetic tree based on the translation elongation factor 1-a gene

(maximum parsimony analysis, 1 of 6 most parsimonious trees, F.

verticillioides 7600 set as an outgroup). Bootstrap values [50 %

given for each branch (1000 replicates). NA no amplification or a non-

homologous sequence was amplified. Letter codes for each variant

repeat are given in the upper right
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FoAG11. In a clade where the majority of taxa contain the

interrupted microsatellite (CT)7–8(GT)3–4AT(GT)4, five

isolates contain the perfect microsatellite (CT)8,10(GT)7,8.

The AT interruption is found in two taxa outside of the clade,

suggesting that it is ancestral and has been removed in the

isolates with perfect repeats. An interruption may have also

been removed in isolate F. oxysporumMN25, which has the

perfect repeat (CT)20(GT)10, lacking the ATTT interruption

found in all other taxa in that clade (Fig. 1).

Utility of Flanking Region Polymorphisms

as Genetic Markers

The number of SNPs and alignment gaps between F.

oxysporum Fo47 and F. verticillioides 7600, for which

well-assembled genomes are available, were compared to

determine if the flanking regions had higher rates of

polymorphisms than would be expected. For the flanking

regions, there were 12 gaps in the 1,766 bp sequence from

F. oxysporum Fo47 and seven gaps in the 1766 bp

sequence from F. verticillioides 7600, for a rate of 6.8 gaps

per kb and 3.9 gaps per kb, respectively. Alignment and

comparison of the two genomes found 175,169 gaps in the

49,439,464 bp F. oxysporum Fo47 genome, for a rate of

4.2 gaps per kb, and 143,810 gaps in the 41,700,345 bp F.

verticillioides 7600 genome, for a rate of 3.4 gaps per kb,

not appreciably different from the rates in the flanking

regions. Rates of SNPs were likewise similar between the

flanking regions and the entire genomes, with 123 SNPs

found in the flanking regions for a rate of 69.6 SNPs per kb

for F. oxysporum Fo47 and 68.6 SNPs per kb for F. ver-

ticillioides 7600 and 3940,262 SNPs between the two

genomes for a rate of 79.7 SNPs per kb for F. oxysporum

Fo47 and 94.5 SNPs per kb for F. verticillioides 7600.

A phylogeny was inferred based on SNPs in the flanking

regions and compared to a phylogeny based on the TEF

coding region, commonly used for Fusarium phylogenet-

ics. The two phylogenies were similar, with differences

only in poorly supported clades (Fig. 4).

Discussion

This study addressed microsatellite evolution in the fungus

F. oxysporum compared to other eukaryotes. Fungi generally

have lower genome densities of microsatellites and

Table 1 Gene diversity of the microsatellite repeats and regions flanking the microsatellites

Locus Repeat motifa Microsatellite

diversityb
Flanking region

diversityc
Best mutational

model

Location

FoAB11 (CACAGCA)n 0.74 0.00945 Multi-step* Non-coding region

FoAD12 (AG)n 0.78 0.01080 Stepwise* Non-coding region

FoAG11 (CT)n (GT)n 0.83 0.03568 Multi-step* Intron

FoDC5 (TG)n 0.88 0.00291 Stepwise* Non-coding region

FoDD7 (CTT)n 0.41 0.01581 Multi-step* Non-coding region

FoDE7 (CGTT)n CCTT CGTC 0.15 0.00798 Stepwise 30 UTR

DoDF7 (GT)n 0.28 0.00532 Stepwise Intron

FoFA4 (AG)n 0.48 0.00415 Stepwise Non-coding region

FoFE5 (GTT)n 0.15 0.00241 Stepwise Exon

a Repeat motif found in the majority of F. oxysporum isolates
b Microsatellite diversity = 1 -

P
xi
2, where xi is the frequency of the ith allele (Nei 1987), based on the size of the core repeat region

c Sequence diversity is based on the average pair-wise differences per base pair

* Stepwise and multi-step mutational models were significantly different, P\ 0.05, log likelihood test

Locus Isolates
a FoAD12 F. oxysporum Fo47 GAGGCGTTAT---CTACATGCCATGTCTGAGTGAGT

F. ver�cillioides 7600 GAGGCGTTATTATCTACATGCCATGT

b FoDF7 F. oxysporum Fo47 CGTAGGATGG---CAGGATGGT----AACATCTCAT
F. ver�cillioides 7600 CGTAGGATGGTGGCAGGATGGTACAAAACATCTCAT

CTGAGTGAGT

Fig. 3 Examples of insertions/deletions in the microsatellite flanking

regions creating cryptically simple sequence. Duplicated regions are

shown in bold. (a) and (b) Examples of duplications, and reversed

duplicated sequence in (b). c Example of a duplication degrading a

microsatellite region with the repeat motif AGACAG (underlined) but

creating the cryptically simple sequence (GAG)2
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microsatellites with fewer repeat units than other eukaryotes

(Karaoglu et al. 2005; Katti et al. 2001; Tóth et al. 2000),

although the reasons for this discrepancy are not known.

Nine microsatellites were observed across a diverse sample

of F. oxysporum isolates to track the birth and death of these

loci in fungi. The microsatellite life cycle observed for these

loci in F. oxysporum appears to be similar to that in other

eukaryotes, including the model organism S. cerevisiae, the

fungus best studied for microsatellites. No evidence was

found to suggest that the shorter, less polymorphic

microsatellites in fungi is due to different mechanisms of

microsatellite formation, mutation, and degradation.

Mutation Rate

The rate of microsatellite mutation has been linked to many

factors, including the local mutation and mismatch repair

rate and the microsatellite’s motif size, number of repeats,

and genome location (Sawaya et al. 2012). Of the loci

analyzed here, the two microsatellites located in conserved

regions, FoDE7 in a 30UTR and FoFE5 in an exon, had the

lowest levels of diversity (Table 1), as would be expected

(Sawaya et al. 2012). FoFE5 contains a trinucleotide

repeat, as do many microsatellites in exons, most likely

because slippage mutations would not introduce frameshift

errors (Richard et al. 2008). The compound microsatellite

FoAG11, located in an intron, was the most diverse in

terms of repeat unit alleles and also contained the highest

number of base substitutions within the repeats, suggesting

that it may be located in a hypervariable region. The

microsatellites with more repeat units generally were more

diverse, as has been frequently observed for many

microsatellites (Kelkar et al. 2008). For example, locus

FoAD12, which contained 4–17 AG repeats, was more

diverse than locus FoFA4, which contained 2 or 4 AG

repeats, and locus FoDC5, which contained 4–19 TG

repeats, was more diverse than locus FoDF7, which con-

tained 4–7 GT repeats. Motif size did not appear to have an

effect on locus diversity, as the four most diverse loci were

the locus with the longest motif, FoAB11, which contained

a seven nucleotide repeat motif, and three dinucleotide

microsatellites (loci FoAD12, FoAG11, and FoDC5). Motif

size has previously been shown to be negatively correlated

to mutability, with microsatellites with longer motifs being

less mutable, but mutability is highly variable for loci with

the same motif size (Kelkar et al. 2008), so it is unsur-

prising that a relationship between size and diversity was

not seen for the nine loci in this study. Although the overall

mutation rate cannot be accurately determined from this

dataset, the patterns of mutation for these loci are the same

as has been observed in other eukaryotes (Chambers and

MacAvoy 2000).
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Fig. 4 Comparison of (a) a Bayesian tree of the translation elonga-

tion factor 1-a (TEF) gene with (b) Bayesian tree of the non-repetitive
regions flanking the microsatellites. Posterior probability values

[75 % are given for each branch for trees in (a) and (b), indicating
the probability that the branches are correct given the phylogenetic

model
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The majority of sequences in the F. oxysporum isolates

differed from close relatives by only a few units, suggest-

ing that most mutations were stepwise mutations, with a

few possible multi-step mutations. This observation fits

well with models of microsatellite evolution that assume

the gain or loss of one repeat unit at a time, plus some less

frequent larger mutations (Henderson and Petes 1992). A

majority of microsatellites in other organisms also fit this

stepwise model, with some exceptions (Putman and Car-

bone 2014). For example, one study in humans found

almost all tetranucleotide motif microsatellites fit the

stepwise model, while 32 % of mutations to dinucleotide

motif microsatellites were multi-step (Sun et al. 2012).

Exceptions to the stepwise mutational model are well-

known confounders in population genetic studies (Putman

and Carbone 2014) and are likely to be as much of a

problem in studies of fungi as in other organisms.

Microsatellite Life Cycle

Microsatellites are hypothesized to originate from crypti-

cally simple regions by base substitutions, base duplications,

insertions, or deletions that mutate the region into a perfect

repeat (Kelkar et al. 2011; Zhu et al. 2000b). Kelkar et al.

(2011) found that microsatellites in the human genome were

more likely to be created by base substitutions for loci with

fewer repeats and more likely to be created by insertions and

deletions (indels) for loci withmore repeats. Not enough loci

were studied here to determine if the same pattern holds true

in F. oxysporum. However, the two compound microsatel-

lites studied appear to have been derived from an ancestral

microsatellite that became interrupted by base substitutions,

followed by expansion of the new repeat motif, as hypoth-

esized by Kofler et al. (2008).

Twenty-three indels were observed in the flanking

regions of F. oxysporum microsatellites compared to F.

verticillioides, as has been observed in the flanking regions

of microsatellites for many organisms (Barthe et al. 2012;

Dettman and Taylor 2004; Zhu et al. 2000a). Eleven of the

indels involving multiple bases in the flanking regions

created cryptically simple sequences (Fig. 4), demonstrat-

ing how microsatellites may form by insertion/deletion-like

events, which appear to be the main mutational mecha-

nisms for adding or subtracting repeats to shorter repetitive

elements in cryptically simple sequences (Dieringer and

Schlötterer 2003; Kelkar et al. 2010). However, similar

numbers of indels per kilobase were calculated for the

conserved regions of the F. oxysporum and F. verticil-

lioides genomes as whole as for the regions flanking the

microsatellites, suggesting that the number of indels

observed close to these microsatellites is not exceptional.

Microsatellites are hypothesized to ‘‘die,’’ or lose their

repetitive structure, primarily by the accumulation of point

mutations within the repeat array, or occasionally by the

loss of all repeat units (Kelkar et al. 2011). In these

microsatellites, four loci lost their repetitive structure due

to the accumulation of interrupting point mutations and two

lost all repeat units. Microsatellites in F. redolens and F.

verticillioides generally had more interruptions than in F.

oxysporum, most likely due to ascertainment bias, in which

long, perfect microsatellites are preferentially selected in

the taxon used for primer development, in this case F.

oxysporum (Brandström and Ellegren 2008). It cannot be

determined from these data if the interruptions observed

will prevent replication slippage from taking place, as has

been previously observed (Ananda et al. 2014; Richard

et al. 2008). Base substitutions do not necessarily lead to

the death of the microsatellite, as Harr et al. (2000) found

that interruptions can be purified from the repeat array,

most likely by replication slippage. Evidence suggesting

the independent removal of two interruptions was found in

loci FoAG11.

Minisatellites

Minisatellites are regions of 10–15 bp long tandem repeats

that, despite apparent similarities to microsatellites, can

behave much differently than microsatellites. Minisatellites

often contain variable repeat regions within each array,

may mutate faster during meiosis than mitosis, and may

display mutational polarity, meaning that mutations pref-

erentially occur at one end (Richard et al. 2008). Mutations

can occur both through replication slippage, similar to

microsatellites, and through homologous recombination,

especially gene conversion between different alleles, as can

be seen by the rearrangement of variable repeats (Richard

et al. 2008). The minisatellite described in this study, locus

FoED2, appears to be located in the long terminal inverted

repeat of a transposon (http://www.broadinstitute.org),

which has also been reported for the F. oxysporum trans-

poson marsu (Hua-Van et al. 2000). Mapping the sequen-

ces of the minisatellite FoED2 to the F. oxysporum

phylogeny showed gains and loss of one or two repeat units

at a time and no complex rearrangements of units (Fig. 2),

suggesting that mutation by replication slippage rather than

gene conversion could have caused all of the observed

alleles. F. oxysporum has never been observed to produce

diploid, sexual structures (Baayen et al. 2001), although the

possibility of cryptic sex cannot be excluded (Yun et al.

2000), which may explain the lack of evidence of gene

conversion at this allele. Likewise, a minisatellite found in

the fungus Botrytis cinerea also appears to mutate by

replication slippage (Giraud et al. 1998). Because some

minisatellites have been found mutate faster during meiosis

than mitosis, it seems possible that minisatellites in asexual

fungi could evolve differently than in other organisms, but
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the number of minisatellites in fungal genomes (Bally et al.

2010) and their contribution to genomic architecture

(Richard and Dujon 2006) have only begun to be studied.

Utility of Microsatellite Flanking Regions

in Phylogenetics

Flanking region sequences may be highly variable and

informative as genetic markers (Barthe et al. 2012; Payseur

and Jing 2009). Some studies have suggested that regions

flanking microsatellites tend to be more polymorphic than

other regions (Brohede and Ellegren 1999; Santibáñez-

Koref et al. 2001). For the nine loci in this study, the

flanking regions of the microsatellites in this study were

not more polymorphic than the average rate of the genome.

The observed higher polymorphism rate around

microsatellites has been suggested to be due mutations in

the microsatellite affecting the surrounding region (Bro-

hede and Ellegren 1999; Santibáñez-Koref et al. 2001),

which raises the possibility that these polymorphisms may

violate some of the assumptions in phylogenetic recon-

struction. The flanking sequences here were polymorphic

enough to construct a phylogenetic tree with many well-

supported branches, and the tree was similar to the TEF

tree in all of the clades with high support (Fig. 4). Flanking

region polymorphisms therefore may be useful genetic

markers, even if flanking regions may not be more poly-

morphic than other genomic regions. Researchers design-

ing microsatellite markers should also look at flanking

region variation as a potential source of informative

characters.
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Santibáñez-Koref MF, Gangeswaran R, Hancock JM (2001) A

relationship between lengths of microsatellites and nearby

substitution rates in mammalian genomes. Mol Biol Evol

18:2119–2123

Sawaya SM, Lennon D, Buschiazzo E, Gemmell N, Minin VN (2012)

Measuring microsatellite conservation in mammalian evolution

with a phylogenetic birth–death model. Genome Biol Evol

4:748–759

Schoebel CN, Brodbeck S, Buehler D, Cornejo C, Gajurel J,

Hartikainen H, Keller D, Leys M, Řı́čanová Š, Segelbacher G,
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